1. Introduction {#s0005}
===============

Patients with pneumonia (due to unknown etiologies) were identified in early December 2019 in Wuhan, Hubei, China. The causative agent of this disease was identified as a novel strain of the coronavirus (CoV) named SARS-CoV-2 and the disease was named Corona Virus Disease 2019 (COVID-19) by the World Health Organization. The symptoms of COVID-19 are complex; fever and cough were the most common symptoms. Hematological changes such as lymphopenia, thrombocytopenia, and coagulation disorder in these patients are not rare \[[@bb0005],[@bb0010],[@bb0015]\]. Patients with COVID-19 share similar hematological changes (especially lymphopenia and thrombocytopenia) as those in patients with severe acute respiratory syndrome coronavirus (SARS) and Middle East respiratory syndrome (MERS) \[[@bb0020],[@bb0025]\]. However, the mechanism(s) involved in the induction of these changes are poorly understood. This review summarizes the hematological changes in patients infected with CoV and possible mechanisms of thrombocytopenia in patients with COVID-19.

2. Coronavirus types and their receptors {#s0010}
========================================

Six types of human CoVs have been identified till date: HCoV-NL63 and HCoV-229E are Alphacoronaviruses and HCoV-OC43, HCoVHKU1, SARS-CoV, and Middle East respiratory syndrome coronavirus (MERS-CoV) are Betacoronaviruses ([Table I](#t0005){ref-type="table"} ) \[[@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050]\]. SARS-CoV-2 is the seventh member of the RNA-containing enveloped CoV family. SARS-CoV-2 and SARS-CoV reside on different branches of the phylogenetic tree, but the genome of SARS-CoV-2 shares more than 85% homology with that of SARS-CoV \[[@bb0035]\]. HCoV-229E, OC43, NL63, and HKU1 cause mild respiratory diseases. The last two decades have seen fatal infections caused by SARS-CoV and MERS-CoV \[[@bb0040]\].Table ICoronavirus types and their receptors \[[@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050]\].Table ICoV typeGenusReceptorsHCoV-229Eα-CoronavirushAPN (CD13)HCoV-OC43β-CoronavirusHLA class IHCoV-NL63α-CoronavirusACE2HCoV-HKU1β-Coronavirus?SARS-CoVβ-CoronavirusACE2MERS-CoVβ-CoronavirusDPP4 (CD26)SARS-CoV-2β-CoronavirusACE2

CoVs use cell surface receptors to enter host cells \[[@bb0045]\]. SARS-CoV primarily binds to the angiotensin-converting enzyme 2 (ACE2) \[[@bb0050]\], whereas MERS-CoV interacts with dipeptidyl peptidase 4 (DPP4; also known as CD26; [Table I](#t0005){ref-type="table"}). Similar to SARS-CoV, COVID-19 develops upon binding of SARS-CoV-2 viral particles to ACE2, but not to other CoV receptors, such as aminopeptidase N and DPP4 \[[@bb0035]\]. SARS-CoV has similar antigenic characteristics as human HCoV-229E \[[@bb0055],[@bb0060]\]. HCoV-229E enters monocytes and macrophages via CD13 and induces cell apoptosis \[[@bb0065]\]. In addition, Betacoronaviruses can utilize CEACAMla (CD66a) as receptors \[[@bb0020],[@bb0070]\].

3. Clinical manifestations and treatment of COVID-19 {#s0015}
====================================================

Patients with COVID-19 can be divided into four categories based on their clinical manifestations: light, common, severe, and critical. Guan et al. performed a retrospective study (*n* = 1099) demonstrated that COVID-19 is associated with a wide range of symptoms \[[@bb0005]\]. Fever (87.9%) and cough (67.7%) were the most common symptoms, whereas diarrhea (3.7%) and vomiting (5.0%) were rare \[[@bb0005]\]. Among the cohorts analyzed, some SASR-CoV-2 infected individuals were asymptomatic, thereby making the diagnosis and treatment even more challenging. The most common complication in symptomatic patients was pneumonia (79.1%) followed by acute respiratory distress syndrome (3.37%) and shock (1.00%) \[[@bb0005]\]. The treatment for COVID-19 includes providing oxygen, mechanical ventilation, intravenous antibiotics, and antiviral drugs \[[@bb0005],[@bb0010],[@bb0015]\]. Use of antibiotics in the early stages of disease has no effect and steroid hormones have not been reported to be effective. Administering antibiotics to patients with potential bacterial or fungal infection helps in preventing infection and reducing complications and mortality \[[@bb0005],[@bb0010],[@bb0015]\]. Patients with severe COVID-19 infection and symptoms are subjected to mechanical ventilation or extracorporeal membrane oxygenation; however, some severe and critical patients do not respond well to this therapeutic regimen \[[@bb0005],[@bb0010],[@bb0015]\].

4. Hematological changes in patients with CoV infection {#s0020}
=======================================================

SARS patients commonly manifest lymphopenia, thrombocytopenia, and leukopenia. During the onset of SARS, patients exhibit a reduction in peripheral CD4^+^ and CD8^+^ T lymphocytes \[[@bb0075]\]. A retrospective cohort study comprising 16 MERS-CoV-infected patients showed that 31% and 40% of the patients developed thrombocytopenia on day 1 and 21, respectively \[[@bb0025]\]. Similarly, a retrospective study performed on patients with COVID-19 (*n* = 1099) showed 82.1% and 36.2% of patients with lymphopenia and thrombocytopenia on admission, respectively, and 33.7% of patients with leukopenia \[[@bb0005]\]. Different studies have reported varying rates of thrombocytopenia in COVID-19 \[[@bb0005],[@bb0010],[@bb0080], [@bb0085], [@bb0090], [@bb0095]\]. This could be attributed to the different number of patients and proportion of severe patients ([Table II](#t0010){ref-type="table"} ). Severe patients exhibited prominent abnormalities as compared to non-severe patients. The postmortem biopsy of a patient who died from severe COVID-19 revealed a drastic reduction in the number of peripheral hyperactivated CD4^+^ and CD8^+^ T cells \[[@bb0100]\]. Patients with severe disease and fatal outcomes present with a decreased lymphocyte/white blood cell ratio compared to the non-severe patients \[[@bb0105]\]. The platelet-to-lymphocyte ratio is an inflammatory marker that reflects the extent of systemic inflammation and cytokine storm \[[@bb0105],[@bb0110]\]. Qu et al. showed that, among 30 hospitalized patients with COVID-19, those presenting with increased platelet counts during the development of disease had poor prognoses. Severe patients undergoing treatment showed an increase followed by a decrease in platelet content \[[@bb0105], [@bb0110], [@bb0115]\]. Thus, dynamic changes in platelet counts, neutrophil/lymphocyte ratio, and platelet-to-lymphocyte ratio may have prognostic value in determining disease severity \[[@bb0105], [@bb0110], [@bb0115]\]. However, the underlying mechanisms remain to be understood.Table IIThrombocytopenia in COVID-19 patients \[[@bb0005],[@bb0010],[@bb0080], [@bb0085], [@bb0090], [@bb0095]\].Table IIAuthor \[reference\] (patient cohort)Thrombocytopenia (%): all patientsThrombocytopenia (%): non-severe patientsThrombocytopenia (%): severe patientsPlatelet count (10^9^/L): all patientsPlatelet count (10^9^/L): non-severe patientsPlatelet count (10^9^/L): severe patientsHuang et al. (*n* = 41) \[[@bb0010],[@bb0090]\]584164.5196140Chen et al. (*n* = 99) \[[@bb0090],[@bb0095]\]12NANA213.5NANAGuan et al. (n = 1099) \[[@bb0005],[@bb0090]\]36.231.657.7168172137.5Liu et al. (*n* = 12) \[[@bb0080],[@bb0090]\]41.766.716.7160.3186.2139.5Zhou F et al. (*n* = 137) \[[@bb0085],[@bb0090]\]7120206220165.5[^1]

5. Thrombocytopenia and coagulation disorders in severe and critical COVID-19 patients {#s0025}
======================================================================================

Thrombocytopenia was detected in 5--41.7% in COVID-19 patients. Severe and/or critical patients had decreased platelet counts \[[@bb0120],[@bb0125]\] as well as coagulation disorders. However, there is no data on the role of thrombocytopenia in increasing the risk of bleeding in COVID-19 patients. A meta-analysis of 1779 COVID-19 patients showed that thrombocytopenia was associated with a threefold-enhanced risk of severe COVID-19 and a lower platelet count correlated with mortality \[[@bb0090]\]. A similar retrospective study performed on patients with COVID-19 (*n* = 383) showed a threefold-correlation between thrombocytopenia (at hospital admission) and mortality as compared to patients without thrombocytopenia \[[@bb0130]\]. Thus, platelet count is an independent risk factor for in-hospital mortality. Increments of 50 × 10^9^/L platelets are associated with 40% decreases in mortality \[[@bb0130]\]. Thus, platelet count may serve as a simple and inexpensive biomarker for disease severity and risk of mortality of patients in the intensive care unit \[[@bb0090],[@bb0130]\]. This study (*n* = 383) showed that the incidence of thrombocytopenia in patients with comorbidities (chronic obstructive pulmonary disease, hypertension, diabetes, cardiovascular disease, cerebrovascular disease, and chronic kidney disease) was between 2.9% and 26.5%. Thrombocytopenia prevalence was highest in patients with hypertension (26.5%) \[[@bb0130]\]. However, this data remains indicative because of the lack of data on thrombocytopenia in patients without comorbidities. Thrombocytopenia is usually detected during the diagnosis of COVID-19. The correlation between the rate of decrease in patient platelet counts and disease progression remains to be investigated. This will help to understand the mechanisms of thrombocytopenia in COVID-19 patients.

Thrombocytopenia is a common consequence of infectious diseases. The most common pathogens that induce thrombocytopenia are viruses (28%) and bacteria (28%) followed by fungi (15%) \[[@bb0135]\]. The incidence of thrombocytopenia in hospitalized patients with viral influenza or community-acquired pneumonia is less than 5% \[[@bb0140],[@bb0145]\]. In contrast, thrombocytopenia can be detected in \~50% of patients with septic shock \[[@bb0150]\]. A minority of patients with cytomegalovirus infection (2.7%--18.3%) exhibit thrombocytopenia \[[@bb0155], [@bb0160], [@bb0165]\], whereas mild thrombocytopenia is common in patients with Epstein-Barr-mediated infectious mononucleosis (25%--50%) and occurs in uncomplicated cases during the acute phase of the disease \[[@bb0170],[@bb0175]\]. During the 2002 SARS outbreak, 20%--55% of patients had thrombocytopenia that was identified as a risk factor for mortality \[[@bb0020]\]. Similarly, thrombocytopenia was found in 24.3--46.6% of MERS patients ([Table III](#t0015){ref-type="table"} ) \[[@bb0180]\].Table IIIIncidence of thrombocytopenia in infectious diseases.Table IIIDiseaseThrombocytopenia (%)Influenza \[[@bb0140]\]\<5%CAP \[[@bb0145]\]\<5%Infectious mononucleosis \[[@bb0170], [@bb0175]\]25--50%Cytomegalovirus infection \[[@bb0155], [@bb0160], [@bb0165]\]2.7--18.3%SARS \[[@bb0020]\]20--55%MERS \[[@bb0180]\]24.3--46.6%COVID-19 \[[@bb0090]\]5--41.7%[^2]

During the progression of COVID-19, \~50% of the patients show increased levels of D-dimer and all the patients who expired showed an increase in D-dimer content. D-dimers were higher in patients with severe disease as compared to that in patients with mild disease, suggesting increased risk of thrombosis in severe patients \[[@bb0120],[@bb0125]\]. Severe or critical patients manifest with significant coagulation disorders. Coagulation disorders and disseminated intravascular coagulation (DIC) are important causes of death in patients with severe disease. Multiple organ dysfunction induced by diffuse microvascular damage is one of the main causes of death in COVID-19 patients \[[@bb0120],[@bb0125]\].

Therefore, timely monitoring of patient platelet counts, dynamic blood coagulation function, and DIC will improve treatment and prognosis of patients with COVID-19. Moreover, evaluating the lymphocyte count dynamics and inflammatory index, including LDH, CRP, and IL-6 may also help determine the prognosis and initiate therapy to improve disease outcomes \[[@bb0115]\].

6. Possible mechanisms of thrombocytopenia caused by CoV infection {#s0030}
==================================================================

6.1. Attack on hematopoietic stem cells (HSCs) {#s0035}
----------------------------------------------

HSCs differentiate into megakaryocyte-erythrocyte progenitors that develop into mature erythrocytes and megakaryocytes (MKs). MKs differentiate, mature, and generate platelets in the bone marrow (BM). One MK produces 10--20 proplatelets, and ultimately releasing approximately 1000--3000 platelets in its lifetime \[[@bb0185], [@bb0190], [@bb0195]\].

SARS-CoV-2 and SARS-CoV use the same receptor, ACE2, to invade host cells and tissues. The ACE2 surface receptor is expressed in hematopoietic and lymphoid tissues \[[@bb0200]\]. Thus, SARS-CoV-2 and SARS-CoV binds to ACE2 on the surface of hematopoietic tissues and organs. CD13 is present on the surface of human BM CD34^+^ stem cells, platelets, MKs, and MK cell lines \[[@bb0020],[@bb0205]\]. EACAMla (CD66a) is an adhesion molecule expressed on the surface of BM CD34^+^ cells, MK cell line M-07e, and platelets. SARS-CoV infects a small population of human MK progenitor cells and CD34^+^ cells \[[@bb0210]\]. Thus, CD13 and CD66a are potential receptors for the internalization of SARS-CoV-2 into CD34^+^ cells and MK cell lines followed by rapid viral replication and apoptosis ([Fig. 1](#f0005){ref-type="fig"} ).Fig. 1Hypothesis of the mechanisms employed by SARS-CoV-2 in attacking hematopoietic stem/progenitor cells \[[@bb0200],[@bb0205],[@bb0210],[@bb0225],[@bb0230]\].Fig. 1

Interactions between viruses and host cells result in the production of specific antibodies \[[@bb0215],[@bb0220]\]. Autoimmune antibodies triggered by viral infection lead to specific cell death. Thus, SARS-CoV-2 infection may induce the production of autoantibodies and CD34^+^ cell-induced cell death. Thrombocytopenic patients infected with HIV-1 possess antibodies against platelet proteins that cross-react with the HIV-1 gp160/120 antigens and elevate the level of circulating immune complexes \[[@bb0225],[@bb0230]\]. Platelets coated with antibodies or immune complexes are recognized by cells of the reticuloendothelial system and are targeted for destruction. Hematopoietic and other blood cells expressing similar antigens may also sustain immune injury when coated with anti-platelet antibodies and immune complexes ([Fig. 1](#f0005){ref-type="fig"}) \[[@bb0020]\]. Taken together, antibodies and/or immune complexes attack hematopoietic cells and suppress hematopoiesis, thereby reducing the production of platelets. Thus, SARS-CoV-2 may directly attack HSCs or hematopoietic progenitor cells. CoV particles may simultaneously damage the circulatory system by inducing the production of autoantibodies and immune complexes and reducing platelet production, thereby resulting in thrombocytopenia ([Fig. 1](#f0005){ref-type="fig"}).

7. MK differentiation and maturation {#s0040}
====================================

7.1. Abnormal BM microenvironment and decreased production of thrombopoietin (TPO) {#s0045}
----------------------------------------------------------------------------------

TPO is the most potent stimulus for megakaryopoiesis either alone or in combination with other cytokines. TPO is synthesized and released by a variety of cells, including BM stromal cells and liver cells. Liver cells are the primary source for serum TPO \[[@bb0190],[@bb0195]\]. Liver cells also express ACE2 on their cell surface. Thus, SARS-CoV-2 may bind to these ACE2 molecules and induce liver damage, thereby hampering TPO production, and eventually inhibiting the differentiation and maturation of MKs.

A dysfunctional local renin--angiotensin system results in abnormalities in the BM microenvironment \[[@bb0235],[@bb0240]\]. SARS-CoV particles and inflammatory cytokines, such as IL-1β and TNFα, enhance ACE2 shedding from the cell surface. This reduces the functionality of ACE2, thereby resulting in the malfunction of the renin-angiotensin system, and increased inflammation \[[@bb0220]\]. Elevated levels of chemokines, inflammatory, growth, and anti-inflammatory factors may affect the hematopoietic microenvironment. Further, imbalances in the BM microenvironment may affect the function of endothelial and mesenchymal stem cells, thereby decreasing TPO production and MK differentiation and maturation, thereby resulting in thrombocytopenia.

7.2. Cellular immunity and cytokine storm {#s0050}
-----------------------------------------

In addition to TPO, multiple cytokines, including IL-3, -6, -9, -1, and stem cell factor, stimulate MK production \[[@bb0245]\]. In contrast, Tumor growth factor-β (TGF-β), platelet factor 4, and interferon-α (IFN-α) inhibits MK production \[[@bb0250]\].

Patients with SARS show increased levels of TGF-β. Plasma from patients with active SARS showed an inhibitory effect on the formation of MK-colony forming units, which could be neutralized using anti-TGF-β antibodies, suggesting that virus-induced TGF-β-mediated cytokine storm inhibited megakaryocytopoiesis, thereby resulting in thrombocytopenia \[[@bb0210],[@bb0255]\].

IFN-α is an important antiviral cytokine produced by virus-infected cells that inhibit MK production \[[@bb0215]\]. IFN-α suppresses the expression of transcription factors that regulate megakaryopoiesis. IFN-α directly inhibits TPO-mediated MK growth by inducing the suppressor of cytokine signaling 1 in vitro. Ultrastructural studies have shown that IFN-α inhibits MK maturation \[[@bb0260],[@bb0265]\]. Collectively, these observations indicate that IFN-α positively influences thrombocytopenia.

7.3. Lung damage {#s0055}
----------------

In addition to the BM, MKs and hematopoietic progenitors have been detected in the blood vessels outside the lung tissue. During thrombocytopenia or a reduction in BM-derived HSCs, hematopoietic progenitors migrate from the lung to the BM, regenerate different blood cells, and supplement the number of platelets. MKs outside pulmonary vessels are smaller than those inside; further, and MKs inside the pulmonary vessels alone release platelets \[[@bb0270]\].

SARS-CoV-2 infection is associated with ACE2-induced lung injury. This can be attributed to multiple mechanisms. When the virus attacks the lungs, viral replication ensues in the invaded cells that results in the apoptosis of epithelial and endothelial cells and vascular leakage, thereby triggering the release of high concentrations of pro-inflammatory cytokines and chemokines \[[@bb0220]\]. The lungs of patients with SARS exhibit diffuse alveolar damage with pulmonary congestion, edema, formation of hyaline membrane, and fibrosis \[[@bb0020],[@bb0055]\]. Majority of the hospitalized COVID-19 patients have pneumonia \[[@bb0005],[@bb0010],[@bb0100]\]. Chest computed tomography scans reveal ground-glass opacity and bilateral patchy shadowing in patients with COVID-19; however, these patients do not exhibit pulmonary fibrosis as prominently as patients with SARS \[[@bb0275]\].

Extensive alveolar damage reduces the availability of effective capillary beds in the lung and affects MK fragmentation and production of platelets for pulmonary microcirculation, thereby leading to thrombocytopenia ([Fig. 2](#f0010){ref-type="fig"} ) \[[@bb0280],[@bb0285]\].Fig. 2Possible mechanisms of thrombocytopenia caused by lung damage \[[@bb0270],[@bb0280],[@bb0285]\].Fig. 2

7.4. Increased platelet consumption and drug-induced thrombocytopenia {#s0060}
---------------------------------------------------------------------

The attack and replication of viruses trigger apoptosis, vascular leakage, and release of pro-inflammatory cytokines and chemokines in the lungs \[[@bb0220]\]. This damage to the lung tissue and pulmonary endothelial cells results in the activation, aggregation, and encapsulation of platelets in the lung and increases platelet consumption or thrombogenesis that leads to thrombocytopenia.

The treatment regimen for COVID-19 includes antiviral drugs, such as ribavirin and fluoroquinolones, that inhibit hematopoietic function \[[@bb0290],[@bb0295]\]; however, they also cause liver damage and affect the production of TPO, thus indirectly causing thrombocytopenia.

8. Discussion {#s0065}
=============

Thrombocytopenia is one of the most common symptoms in patients with COVID-19. The pathophysiological processes include direct attack of hematopoietic stem/progenitor cells and damage to the lungs by autoantibodies and immune complexes by coronavirus. Decreased TPO production, increased platelet clearance and platelet consumption, dysfunctional BM microenvironment, lung damage, and antiviral drugs may lead to the development of thrombocytopenic in patients with COVID-19 ([Fig. 3](#f0015){ref-type="fig"} ). These complex processes can be attributed to DIC and multiple organ dysfunction syndrome that lead to the death of severe patients.Fig. 3Possible indirect mechanisms involved in the development of thrombocytopenia \[[@bb0210], [@bb0215], [@bb0220],[@bb0280], [@bb0285], [@bb0290], [@bb0295]\].Fig. 3

Most patients with mild to moderate disease have favorable outcomes upon treatment, while severe or critical patients have poor outcomes combined with a high mortality rate. Early diagnosis and treatment of severe patients with COVID-19 can greatly reduce mortality. However, there is no laboratory test index to predict disease progression and prognosis. Combined with the aforementioned mechanisms, a progressive decline in platelet counts may be a prognostic factor for cytokine storm, myelosuppression, and platelet destruction induced by an uncontrolled immune response in patients with COVID-19. Therefore, monitoring platelet count may serve as a simple and effective index for disease progression. Further studies on larger patient cohorts are warranted to confirm this hypothesis. The possible mechanisms discussed here have following implications: First, targeted treatment can be designed based on the extent of thrombocytopenia. Glycyrrhizic acid and MSCs have immunoregulatory and anti-inflammatory effects \[[@bb0300],[@bb0305]\] that help reduce the probability of cytokine storms. Moreover, glycyrrhizic acid has antiviral effects, and MSCs promote tissue repair and maintain homeostasis in BM microenvironments \[[@bb0310],[@bb0315]\]. Second, damage to hematopoietic stem/progenitor cells can be treated using Astragalus polysaccharide to promote the recovery of hematopoietic function \[[@bb0320]\]. Combining Astragalus polysaccharides with rhTPO or TPORA may serve as a promising regimen to treat hematopoietic cell damage and reduce TPO production.
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[^1]: NA represents (not applicable).

[^2]: CAP: community-acquired pneumonia; SARS: severe acute respiratory syndrome coronavirus; MERS: Middle East respiratory syndrome.
